
REPRODUCTIONRESEARCH

A mouse sperm decapacitation factor receptor
is phosphatidylethanolamine-binding protein 1

Rachel Gibbons, Susan A Adeoya-Osiguwa and Lynn R Fraser

Reproduction and Rhythms Group, School of Biomedical Sciences, King’s College London, Guy’s Campus,
London SE1 1UL, UK

Correspondence should be addressed to L R Fraser; Email: lynn.fraser@kcl.ac.uk

Abstract

Capacitation is a pivotal event for mammalian spermatozoa, involving the loss of surface proteins known as decapacitation

factors (DF) and consequent acquisition of fertilizing ability. Earlier studies showed that a mouse sperm DF binds to a recep-

tor, DF-R, whose attachment to the sperm plasma membrane appears to involve a glycosylphosphatidylinositol (GPI) anchor.

In the present study, purification and subsequent sequencing of DF-R has identified this ,23 kDa protein as phosphatidyletha-

nolamine-binding protein 1 (PEBP 1). To obtain functional evidence that supports sequence homology data, purified recombi-

nant PEBP 1 and PEBP 2 were evaluated for biological activity. While PEBP 1 was able to remove DF activity in solution at

concentrations above ,1nmol/l, PEBP 2 was ineffective, even at 600 nmol/l; this confirmed that DF-R is PEBP 1. Anti-PEBP 1

antiserum recognized recombinant PEBP 1 and a ,23 kDa protein in both mouse and human sperm lysates. Immunolocaliza-

tion studies revealed that DF-R/PEBP 1 is located on the acrosomal cap, the post-acrosomal region and the flagellum of both

mouse and human spermatozoa, with epitope accessibility being capacitation state-dependent and reversible. Treatment of

cells with a phospholipase able to cleave GPI anchors essentially abolished immunostaining, thus confirming the extracellular

location of DF-R/PEBP 1. We suggest that DF-R/PEBP 1 plays its fundamental role in capacitation by causing alterations in the

sperm plasma membrane in both head and flagellum, with functional consequences for membrane-associated proteins.

Obtaining more detail about DF $ DF-R interactions could lead to useful applications in both fertility treatments and new

contraceptive approaches.
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Introduction

When released from the male reproductive tract, mamma-
lian spermatozoa are non-fertilizing and require a further,
species-dependent, period of hours during which they
complete maturation and acquire the capacity to fertilize
an oocyte, termed capacitation (Austin 1952). Only fully
capacitated cells can interact with unfertilized oocytes
and undergo the acrosome reaction, triggered by specific
molecular interactions between the spermatozoon and the
zona pellucida, prior to fertilizing the oocyte. The events
that comprise capacitation are complex and still poorly
understood (de Lamirande et al. 1997), but a crucial com-
ponent is the loss of proteins from the sperm surface. If
these proteins are added to capacitated, fertile suspen-
sions spermatozoa revert to the uncapacitated, non-ferti-
lizing state but in time can re-capacitate; thus,
capacitation is reversible. These surface proteins have
been given the general term ‘decapacitation factors’ or DF
(Bedford & Chang 1962). In some species, DF is present

in seminal plasma and only contacts spermatozoa at
ejaculation but, in others, DF is present on cells prior
to release.

One such DF, found on epididymal mouse spermato-
zoa, has been studied for over two decades. Its removal
from uncapacitated cells by gentle centrifugation results in
highly fertile cells, while its addition to capacitated sus-
pensions rapidly, but reversibly, inhibits fertilizing ability
(Fraser 1984). This DF is a protein of ,40 kDa, stable
when boiled, and it appears to have carbohydrate residues
that contribute to biological activity (Fraser et al. 1990).
The binding of DF to spermatozoa results in stimulation of
a calmodulin-sensitive Ca2þ-ATPase and so helps to main-
tain low intracellular Ca2þ levels; immunolocalization
studies have found Ca2þ-ATPase to be located mainly in
the post-acrosomal (posterior) region of the sperm head
(Adeoya-Osiguwa & Fraser 1996). During capacitation,
however, DF is lost from the sperm surface and somehow
inactivated; thus its effect on the Ca2þ pump declines,
allowing intracellular Ca2þ to rise and so stimulate
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changes needed to make spermatozoa functionally
competent.

Initially the DF was thought to bind directly to the
sperm plasma membrane but this proved to be incorrect.
Treating suspensions with phosphatidylinositol-specific
phospholipase C (PI-PLC) to cleave glycosylphosphatidyli-
nositol (GPI) anchors resulted in significant loss of DF and
consequent advancement to the capacitated state, as
determined using chlortetracycline (CTC) fluorescence.
However, addition of DF to PI-PLC-treated suspensions
caused no reversion to the uncapacitated state, suggesting
that DF could no longer bind to these cells (Fraser 1998).
Thus it is not the DF that has a GPI anchor but some other
molecule, to which DF binds; this latter molecule has
been called the DF receptor (DF-R). Further experiments
revealed that DF has fucose moieties and DF-R has comp-
lementary fucose-binding sites, the latter being located
particularly in the post-acrosomal region of the sperm
head where Ca2þ-ATPase has also been localized (Fraser
1998). Addition of exogenous fucose to uncapacitated
spermatozoa quickly displaces endogenous DF, resulting
in highly fertile suspensions and so demonstrating the
functional importance of the fucose residues.

These molecules and their mechanism of action are not
restricted to mouse spermatozoa. Evidence from many
mammalian species has supported the involvement of a
Ca2þ-ATPase in capacitation and the mouse sperm DF
has been shown to act on human, as well as mouse, sper-
matozoa. Addition of mouse DF to capacitated human
sperm suspensions for 1 h caused a significant reversion
to the uncapacitated state, determined by CTC (DasGupta
et al. 1994). Furthermore, the addition of exogenous
fucose to human sperm suspensions resulted in accelera-
tion of capacitation (Fraser & Osiguwa 2004), suggesting
the presence in human spermatozoa of proteins similar to
mouse DF and DF-R. The present study was designed to
attempt purification and subsequent evaluation of mouse
sperm DF-R.

Materials and Methods

All animals used in this study were maintained in Home
Office-approved facilities.

Media

The standard medium used was a modified Tyrode’s med-
ium (Fraser 1993) containing 1.8 mmol/l CaCl2 and
4 mg/ml bovine serum albumin (BSA; Sigma, Poole, UK).
In some experiments, a modified medium lacking CaCl2
and containing 4 mg/ml polyvinyl alcohol (PVA; Sigma) in
place of BSA was used (2Ca2þ þ PVA).

Preparation of crude DF-R

The contents of cauda epididymides from 20 mature TO
male mice (Harlan, Bicester, Oxon, UK) were released

into PVA-supplemented medium (1 ml per pair of epididy-
mides). Spermatozoa were incubated on a warming tray at
37 8C for 5 min to allow dispersal, then transferred to a
capped plastic vial and incubated at 37 8C for a further
25 min; prior to all incubations, suspensions were gassed
using 5% O2, 5% CO2, 90% N2. The suspension was cen-
trifuged at 4500 g for 8 min and the cell-free supernatant
containing the DF was removed. The pelleted cells were
resuspended in the same volume of medium and pooled;
75 units PI-PLC (Sigma) were added and the suspension
was incubated at 37 8C for 1 h. PI-PLCs are virulence fac-
tors produced by many pathogenic bacteria and are known
to act by cleaving GPI-anchored proteins (Zenewicz et al.
2005). Sigma’s PI-PLC, purified from the pathogenic bac-
terium Bacillus cereus, has a minimum of 1000 units
PI-PLC activity/mg protein, with negligible PLC contami-
nation that might cleave other types of lipids (no more
than 2 units PLC activity/mg protein); it also contains
EDTA to chelate zinc, a cofactor for PLC, in order to inac-
tivate any PLC. Therefore it is unlikely that enzyme treat-
ment of spermatozoa caused non-specific cleavage of
more general lipid linkages. After centrifuging the suspen-
sion at 4500 g for 8 min, the cell-free supernatant contain-
ing DF-R was collected, lyophilized and stored at 220 8C.

Partial purification of DF-R by immobilized fucose
affinity chromatography

Lyophilized crude DF-R was reconstituted in 4 ml deio-
nized water (200ml per male originally used) and then
subjected to affinity chromatography at 4 8C on L-fucose
cross-linked 6% beaded agarose (Sigma). The column
(1.5 cm £ 10 cm) had been freshly equilibrated with
50 mmol/l phosphate-buffered saline (PBS) overnight. The
crude DF-R was loaded onto the column with PBS at a
flow rate of ,8 ml/h; this was then increased and main-
tained at ,17 ml/h; typically 80 £ 1 ml fractions were col-
lected. Elution buffer (500 mmol/l NaCl þ 50 mmol/l
fucose in 200 mmol/l phosphate buffer) was added at
approximately fraction 45. A representative range of these
fractions was subjected to SDS-PAGE and protein assay;
samples were denatured by boiling for 7 min in loading
buffer (6% SDS and 150 mmol/l dithiothreitol) and
resolved on 12% SDS-PAGE (Protogel; National Diagnos-
tics, Hull, Humberside, UK). Those containing DF-R
activity were lyophilized, reconstituted in 4 ml deionized
water and dialysed against 250 volumes deionized water
(ten changes of at least 2 h each). The dialysed samples
were then lyophilized overnight.

CTC analysis of DF-R activity in partially purified
preparations

Sperm suspension preparation was carried out as
described for crude DF-R preparation, except that the
spermatozoa were released into 0.8 ml standard medium
(þCa2þ þ BSA) per pair of epididymides. Following dis-
persal of the cells, an aliquot of sperm suspension was

498 R Gibbons and others

Reproduction (2005) 130 497–508 www.reproduction-online.org

Downloaded from Bioscientifica.com at 05/27/2023 05:15:28AM
via free access



removed and centrifuged at 4500 g for 8 min; the super-
natant, containing crude DF, was kept on ice until just
before use. The remainder of the sperm suspension was
filtered through short columns of Sephadex G-25 (medium
grade; Amersham Biosciences, Little Chalfont, Bucks, UK)
to remove immotile cells. The filtered cells were gassed,
incubated for 25 min at 37 8C and divided into 150ml ali-
quots. Suspensions were then centrifuged at 1100 g to
remove endogenous DF, supernatant was removed and
cells were resuspended in 100ml of the relevant treatment
solutions detailed below; the final sperm concentration
was ,1–2 £ 106/ml. After a further 10-min incubation at
37 8C, the capacitation state of the cells was assessed
using CTC. Slide preparation and assessment were carried
out as described previously (Fraser 1998). In each treat-
ment, 100 cells were assessed for one of the three main
CTC staining patterns: F, with fluorescence over the entire
head, characteristic of uncapacitated acrosome-intact
cells; B, with a fluorescence-free band in the post-acroso-
mal region, characteristic of capacitated acrosome-intact
cells; AR, with dull or absent fluorescence over the entire
head, characteristic of capacitated acrosome-reacted cells.

Preparation of low molecular weight (LMW) DF-R
fraction

Lyophilized partially purified DF-R samples were reconsti-
tuted in 400ml deionised water and centrifuged through
an Ultrafree-MC centrifugal filter unit (Millipore, Watford,
Herts, UK) with a nominal molecular weight limit of
30 kDa, for 20 min at 2000 g. The resulting high molecular
weight (HMW) and LMW fractions were lyophilized and
stored at 220 8C.

Protein sequencing

Sequencing by liquid chromatographic mass spectrometry
(LC/MS/MS) was carried out on the single Coomassie-
stained SDS-PAGE protein band of ,23 kDa found in the
LMW fraction of the partially purified DF-R preparation.
The mass spectral data were processed into peak lists and
searched against the Swiss Prot database (www.ebi.ac.
uk/swissprot) using Mascot software (Matrix Science,
London, UK).

pebp 1 and pebp 2 transcript detection in various
tissues

Total RNA was extracted from mouse brain, testis and epidi-
dymis using an RNeasy Maxikit (Qiagen, Crawley, W Sus-
sex, UK) according to the manufacturer’s protocol. cDNA
was then synthesized for each tissue using the Thermoscript
RT-PCR System (Invitrogen, Paisley, Strathclyde, UK) follow-
ing the manufacturer’s protocol. PCR was carried out to
amplify complete pebp 1 coding sequence plus Nde I and
Hind III restriction enzyme digestion sites to aid in cloning,
with and without the addition of sequence coding for a 6 £

histidine (His) tag to aid in purifying the protein once the

sequence had been cloned and expressed in bacteria. This
was achieved by mixing 1ml cDNA with 200 nmol/l of each
specific primer ( pebp 1–His forward primer 50-ATATACATA-
TGGCCGCCGACATCAGCC-30, pebp 1 þ His forward
primer 50-ATATACATATGCATCATCACCATCATCACGCCGC-
CGACATCAGCC-30, pebp 1 ^ His reverse primer 50-ACGA-
CAAGCTTCCTACTTCCCTGACAGCTGC-30), 200 nmol/l
dNTP mix and 2.6 U Expand enzyme mix in 50ml 1 £

reaction buffer (Roche Diagnostics, Basel, Switzerland). The
samples then underwent the following PCR cycles in a
DYAD Peltier thermal cycler (MJ Technologies, Coalville,
Leics, UK): 1 cycle of 2 min at 94 8C; 10 cycles of 10 s at
96 8C, 30 s at 55 8C, 1 min at 68 8C; 25 cycles of 10 s at 96 8C,
30 s at 55 8C, 1 min þ 5 s/cycle at 68 8C; 1 cycle of 7 min at
68 8C, followed by continuous incubation at 4 8C. The ampli-
fication of pebp 2 coding sequence plus NdeI and HindIII
restriction enzyme digestion sites, with and without the
addition of sequence coding for a His tag, used the same
reaction components and PCR cycles as that described for
pebp 1 but required two rounds of nested PCR (pebp 2
first round forward primer 50-GACTCCAGCCTCTGACC-30,
pebp 2 first round reverse primer 50-TGGCCATGATCATCAA-
GTGATC-30, pebp 2–His second round forward primer 50-
ATATACATATGCCTACAGACATGAGCATGTGGA-30, pebp
2 þ His second round forward primer 50-ATATACATATGCA-
TCATCACCATCATCACCCTACAGACATGAGCATGTGA-30,
pebp 2 ^ His second round reverse primer 50-ACGACAAG-
CTTCAAGTGATCCCCCTATTTCC-30). Samples were sub-
jected to electrophoresis on a 1.2% agarose gel prepared in
TAE buffer (40 mmol/l Tris–acetate and 1 mmol/l EDTA, pH
8.0) at 100 V for approximately 35 min.

Production and purification of recombinant PEBP 1
and PEBP 2 proteins

Purified pebp 1 and pebp 2 ^ His PCR products were
cloned first into TOPO cloning vector in TOP 10 cells
(Invitrogen) and subsequently into the expression vector
used in this investigation, pET 21a (Novagen, Nottingham,
UK), according to the manufacturers’ protocols. The
expression vectors containing the inserted sequences were
confirmed by DNA sequencing.

The expression host used in this work, Escherichia coli
BL21 (DE3) pLysS (Novagen), was transformed with the pET
21a vectors containing pebp 1 and pebp 2 ^ His according
to the manufacturer’s protocol for chemical transformation,
and propagated overnight in LB broth (Sigma) plus ampicil-
lin (100mg/ml) at 37 8C. The culture was then used to
inoculate (2%, v/v) 100 ml LB broth (sigma) plus ampicillin
(100mg/ml) for over-expression of proteins. Cultures were
incubated at 37 8C with shaking and, after ,3 h, over-
expression was induced by the addition of 0.4 mmol/l iso-
propyl b-D-thiogalactopyranosidase (Sigma). Cells were
harvested at 5 h post-induction by centrifugation at 5000 g
for 15 min and stored at 280 8C until required.

Purification of PEBP 1 þ His and PEBP 2 þ His proteins
was achieved using nickel-nitrilotriacetic acid (Ni-NTA)
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affinity chromatography (Invitrogen) according to the
manufacturer’s protocol. Briefly, 50 ml pelleted cells were
resuspended in 8 ml native binding buffer (50 mmol/l
NaH2PO4, 500 mmol/l NaCl and 10 mmol/l imidazole)
and sonicated. Insoluble material was removed by cen-
trifugation at 3000 g for 15 min. Cell-free supernatant con-
taining PEBP 1 þ His or PEBP 2 þ His was removed and
affinity chromatography was carried out as described for
DF-R except that the beaded agarose used was coated
with Ni-NTA, the wash buffer contained 50 mmol/l
NaH2PO4, 500 mmol/l NaCl and 20 mmol/l imidazole
and the elution buffer used contained 50 mmol/l
NaH2PO4, 500 mmol/l NaCl and 250 mmol/l imidazole.
SDS-PAGE was carried out on a range of fractions and
those containing PEBP 1 þ His or PEBP 2 þ His were dia-
lysed as described for DF-R.

Anti-PEBP 1 antibody production and Western blotting

Antigenic prediction, peptide synthesis/purification and
antibody production/purification were carried out by
Cambridge Research Biochemicals (Billingham, Cleve-
land, UK). Briefly, a synthetic peptide (EWDDYVPKLY-
EQLSGGC) was prepared, based on predicted differences
in structure between PEBP 1 and PEBP 2 proteins at the
carboxyl terminus, and purified using HPLC. The peptide
was then conjugated to keyhole limpet haemocyanin and
used to immunize two New Zealand white rabbits over an
85-day protocol, to generate high titre anti-PEBP 1 serum.
Specific anti-PEBP 1 antibodies were purified by affinity
chromatography against the synthetic peptide.

Western blotting was carried out against the purified
PEBP 1 þ His and PEBP 2 þ His with an anti-His tag anti-
body to confirm the presence of both proteins and then
with anti-PEBP 1 to confirm specificity for PEBP 1. Pro-
teins were resolved using SDS-PAGE and transferred to
PVDF membrane (Amersham Biosciences). Membranes
were blocked in 5% milk in Tris-buffered saline and 0.1%
Tween (TBST) for 1 h at room temperature and then incu-
bated overnight at 4 8C in either 1:3000 mouse anti-His
tag antibody (Amersham Biosciences) or 1:10 000 rabbit
anti-PEBP 1 polyclonal antibody in 0.5% milk in TBST.
The membranes were washed (three times for 5 min each
in TBST) and then incubated at room temperature for 1 h
in peroxidase-linked secondary antibody (1:250 000 sheep
anti-mouse IgG or 1:100 000 donkey anti-rabbit IgG in
0.5% milk in TBST). After further washing (six times for
5 min each in TBST), proteins were detected using an ECL-
Plus Western blotting detection system on ECL Hyperfilm
(Amersham Biosciences).

Once the antiserum specificity had been confirmed, it
was used to detect PEBP 1 in both mouse and human
sperm lysates prepared by freeze-thawing mature epididy-
mal and ejaculated sperm suspensions respectively, in
liquid N2, pelleting the cells and resuspending in PBS
containing 40mg/ml trypsin inhibitor and 0.2mg/ml leu-
peptin. SDS-PAGE and immunoblotting were carried out

as above except that anti-PEBP 1 was used at 1:1000 and
the anti-rabbit IgG was used at 1:10 000.

Immunocytochemical localization of DF-R/PEBP 1

To look for possible capacitation state-dependent differ-
ences, several different evaluations were carried out on
both uncapacitated and capacitated mouse and human
sperm suspensions. Both unpermeabilized and permeabi-
lized (mixed 1:1 with 4% (w/v) sucrose to help stabilize
cellular fine structure, then permeabilized by freezing in
liquid N2, thawed and fixed with 2.5% (w/v) paraformal-
dehyde) preparations were evaluated in pilot experiments.
While the same distribution was seen in both prep-
arations, the permeabilized ones gave better resolution
and so this approach was used in all subsequent
preparations.

Mouse sperm suspensions were prepared as described
for CTC analysis. Uncapacitated samples in 2Ca2þ þ PVA
medium were prepared either immediately for immuno-
cytochemistry as described by Adeoya-Osiguwa & Fraser
(2002) or were incubated in 2Ca2þ þ PVA medium plus 5
units PI-PLC for 1 h at 37 8C and then prepared for
immunocytochemistry. DF-depleted samples were prepared
in þCa2þ þ BSA control medium, resuspended in (1) con-
trol medium for 10 min at 37 8C, (2) crude DF for 10 min at
37 8C or (3) control medium containing 5 units PI-PLC for
1 h at 37 8C and then prepared for immunocytochemistry.
Naturally capacitated samples, obtained by incubating cells
in þCa2þ þ BSA medium in 5% O2, 5% CO2, 90% N2 for
2 h, were then (1) immediately prepared for immunocyto-
chemistry, (2) centrifuged at 1100g and resuspended in
crude DF for 10 min at 37 8C or (3) had 5 units PI-PLC
added for 1 h at 37 8C and then prepared for immunocyto-
chemistry. Slides were prepared, treated and examined as
described by Adeoya-Osiguwa & Fraser (2002) except that
the cells were left to bind to the poly-L-lysine-coated slides
for 10 min, the anti-PEBP 1 primary antibody was used at a
1:25 dilution and the anti-rabbit IgG-biotinylated secondary
antibody was used at a dilution of 1:100.

Human semen samples were obtained from normal adult
males (with approval from the King’s College Research
Ethics Committee). Human sperm suspension preparation
was carried out using discontinuous Percoll density gradi-
ent centrifugation; washed cells were resuspended in
Earle’s medium with added penicillin and human serum
albumin (Fraser & Osiguwa 2004); gentle centrifugation of
human spermatozoa does not remove their DF. Uncapaci-
tated samples were prepared either immediately for
immunocytochemistry at a concentration of 4 £ 107

cells/ml or incubated for 1 h at 37 8C with 5 units PI-PLC at
5 £ 106 cells/ml, then centrifuged at 700 g, resuspended to
4 £ 107 cells/ml and prepared for immunocytochemistry.
To obtain capacitated samples, suspensions at a concen-
tration of 5 £ 106 cells/ml were incubated for 24 h at 37 8C
in 5% O2, 5% CO2, 90% N2. After 23 h of incubation, 5
units PI-PLC were added to half the suspension and at 24 h
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both treated and untreated samples were centrifuged at
700 g, resuspended to 4 £ 107 cells/ml and prepared for
immunocytochemistry. Slides were prepared, treated and
examined as described for mouse samples except that cells
were left to bind to slides for 20 min, the anti-PEBP 1 anti-
body was used at a dilution of 1:50 and the secondary anti-
body was used at a dilution of 1:200. Since CTC analysis
has already shown that addition of mouse DF to similarly
capacitated human spermatozoa causes reversion to the
uncapacitated state (DasGupta et al. 1994), it was decided
not to include this treatment in the present study.

Statistical analysis

Analysis of CTC data used Cochran’s modification of the x2

test (Snedecor & Cochran 1980) which compares responses
within each replicate and then sums the values. The differ-
ence between the experimental and control values in each
replicate must be sufficiently large and the responses must
be consistent in order to have a significant difference.

Results

Fucose-based affinity purification of DF-R

When the crude DF-R preparation was subjected to affi-
nity chromatography on L-fucose-beaded agarose, typi-
cally two identifiable protein peaks were present (Fig. 1A),
a large first peak corresponding to the void volume (see
Fig. 1B) and, following addition of elution buffer, a small
second peak. SDS-PAGE carried out on the latter fractions
indicated the presence of a protein of ,23 kDa plus sev-
eral proteins of considerably higher molecular weights

(Fig. 1C). Previous work had suggested that DF-R might be
,30 kDa (Rakha et al. 2000) and so subsequent work
focused on this protein.

Effect of partially purified DF-R on capacitation

Fractions containing the suspected DF-R were pooled, dia-
lysed and tested for biological activity using the CTC fluor-
escence assay. We have shown in numerous studies that
suspensions having a relatively high proportion of cells
with the CTC F pattern (uncapacitated, acrosome intact)
are poorly fertilizing, while those with a relatively high
proportion of B pattern cells (capacitated, acrosome
intact) are highly fertile (Fraser et al. 1990, Fraser 1998,
Fraser & Osiguwa 2004). For example, incubation of
uncapacitated suspensions for a short time in the presence
of exogenous fucose, which displaces endogenous DF,
caused a marked shift from F pattern to B pattern cells,
compared with untreated controls, suggesting that capaci-
tation was accelerated by the fucose treatment. Consistent
with these results, fucose-treated mouse sperm suspen-
sions were significantly more fertile in vitro than untreated
controls (Fraser 1998).

Sperm suspensions were prepared and, after dispersal,
an aliquot was removed and centrifuged to prepare crude
DF. The remaining suspension was incubated at 37 8C for
a further 25 min and then divided into 150ml aliquots and
centrifuged to remove endogenous DF; an uncentrifuged
aliquot served as the uncapacitated control. Pellets were
resuspended in 100ml of either control medium, crude DF
or crude DF plus partially purified DF-R sample
(,0.2mg/ml total protein); 10 min after resuspension,
spermatozoa were stained with CTC to assess their capaci-
tation state (n ¼ 3). Removal of DF by centrifugation
resulted in accelerated capacitation in control cells
(Fig. 2), with the majority of cells displaying the capaci-
tated B pattern of fluorescence. The addition of crude DF
to washed cells caused a reversion to the decapacitated
state, as shown by a significant increase (P , 0.01) in the
proportion of uncapacitated F pattern cells and a corre-
sponding significant decrease (P , 0.01) in capacitated B
pattern cells, consistent with earlier studies (Fraser 1998).
However, when cells were resuspended in crude DF plus
partially purified DF-R, the distribution of CTC patterns
was essentially that seen in the centrifuged control cells,
with a majority of capacitated B pattern cells. Thus DF-R
activity was present in the preparation and interfered with
responses to the crude DF by binding to DF in solution,
leaving little or no unbound DF available to bind to
endogenous DF-R present on spermatozoa.

Evaluation of HMW and LMW fractions for DF-R
activity

To confirm that the 23 kDa protein was responsible for the
activity detected, the sample was centrifuged on a filter
column with a molecular weight exclusion limit of 30 kDa
to remove the HMW proteins that had been detected

Figure 1 Fucose-based affinity purification of DF-R. (A) A crude DF-R
preparation was applied to a column packed with agarose beads
coated in L-fucose, using PBS as the equilibration buffer. At fraction
45, elution buffer containing 500 mM NaCl and 50 mM fucose was
added; this figure shows the protein concentration profile obtained.
Fractions 50–62 were pooled and evaluated further. (B) A silver-
stained SDS-PAGE gel shows proteins found in fraction 20 of the void
volume; selected molecular weight marker positions are indicated on
the left. (C) A silver-stained SDS-PAGE gel of selected eluted fractions
shows a prominent protein of ,23 kDa (arrow). (D) The Coomassie-
stained gel shows the single protein band at ,23 kDa (arrow) that
was subsequently sequenced.
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following SDS-PAGE. SDS-PAGE plus silver staining of the

HMW fraction revealed that it contained both HMW and

LMW proteins; the most abundant protein was ,23 kDa,

indicating that not all the small proteins had passed

through the filter. However, the LMW DF-R fraction

showed only one visible protein of ,23 kDa. The biologi-

cal activity of both fractions was assessed as described

above, with prepared, centrifuged sperm suspensions

being resuspended in control medium, crude DF or crude

DF plus LMW DF-R or HMW DF-R fractions. CTC results

(n ¼ 3) were essentially the same as those obtained with

the unfractionated purified DF-R sample (data not shown).

Since the only protein common to both fractions was the

23 kDa protein, the protein in the LMW fraction (Fig. 1D)

was sequenced using LC/MS/MS.

LC/MS/MS sequence data

LC/MS/MS analysis revealed very high homology between
the amino acid sequence data generated for DF-R and
that for PEBP 1 (Fig. 3). When aligned with the published
sequence for PEBP 1, there was 100% homology for the
three peptide regions detected in our analysis (comprising
76% of the full PEBP 1 sequence), while three peptide
fragments were missing. Several other studies on PEBP 1
have reported that the protein is NH2-terminally blocked
(e.g. Jones & Hall 1991, Pryor et al. 1994), which could
account for the ‘missing’ first 26 amino acids. Based on
these results, we have concluded that DF-R is PEBP 1. To
test this hypothesis further, it was necessary to produce
and purify recombinant PEBP 1 and its family member,
PEBP 2, and then evaluate them for biological activity.

pebp 1 and pebp 2 transcript detection

Following reverse transcription and PCR, DNA fragments
of approximately the expected sizes (573 bp and 591 bp)
were consistently generated for pebp 1 ^ His in brain, tes-
tis and epididymis samples using cDNA primed with
either oligo (dT)20 or random hexamers (Fig. 4). However,
in order to generate DNA fragments for pebp 2 ^ His it
was necessary to use nested PCR; a first round product
was only generated from the oligo (dT)20 testis cDNA
(data not shown) and this was used to generate both the
pebp 2 ^ His products (585 bp and 603 bp).

Functional evaluation of purified recombinant PEBP 1
and PEBP 2

The effect of purified recombinant PEBP 1 þ His and PEBP
2 þ His proteins upon the capacitation state of sperm was
tested using CTC (n ¼ 3). Sperm suspensions were pre-
pared as previously described and resuspended in control
medium, crude DF or crude DF plus varying concen-
trations of PEBP 1 or PEBP 2. When PEBP 1 was tested
using concentrations ranging from 0.7 to 200 nmol/l, a

Figure 3 Comparison of the predicted amino acid sequence of PEBP 1 (accession number P70296) and the amino acid sequence data
generated for purified DF-R (protein seen in Fig. 1D) using LC/MS/MS. The asterisk indicates an identical amino acid in the DF-R sequence
and — indicate missing amino acids.

Figure 2 Biological activity of partially purified DF-R. Mouse sperm
suspensions were incubated for 25 min to allow capacitation to
begin, centrifuged to remove endogenous DF, then resuspended in
media of different compositions with respect to crude DF and par-
tially purified DF-R (unspun ¼ uncapacitated cells), spun, DF-
depleted control, crude DF and crude DF þ DF-R) for 10 min. Cells
were stained with CTC, fixed and assessed for any differences in the
distribution of fluorescence patterns. Data are presented as % cells
(means ^ S.E.; n ¼ 3) expressing the F pattern (open bars), the B pat-
tern (hatched bars) and the AR pattern (cross-hatched bars) of CTC
fluorescence. ***P , 0.01 compared with spun (DF-depleted control)
suspensions and !!!P , 0.01 compared with crude DF-treated
suspensions.
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maximal response was obtained with 7 nmol/l and higher

(results are not shown for concentrations greater than

20 nmol/l); there were significantly fewer (P , 0.01) F pat-

tern uncapacitated and significantly more (P , 0.01) B

pattern capacitated cells than seen in samples treated with

crude DF alone (Fig. 5A). Thus the DF-inhibiting activity

of DF-R was present in the recombinant PEBP 1 prep-

aration, confirming the hypothesis that PEBP 1 is DF-R.

The ability of PEBP 1 to inhibit DF activity decreased in a

concentration-dependent manner between 7 and 2 nmol/l
and activity had disappeared completely at 0.7 nmol/l.

When DF-depleted suspensions were treated with DF
plus 20–600 nmol/l PEBP 2, at all concentrations the pro-
portions of F and B pattern cells were essentially those
seen in cells treated with DF alone (Fig. 5B). This suggests
that PEBP 2 has no DF-inhibiting activity, even when used
at concentrations much higher than those at which PEBP
1 was effective. In both sets of experiments, the recombi-
nant protein had no detectable effect when used alone on
sperm suspensions (data not shown).

Western blotting

The specificity of the purified anti-peptide polyclonal anti-
body to PEBP 1 was confirmed by Western blotting of
recombinant PEBP 1 þ His and PEBP 2 þ His using both
an anti-His tag antibody and the anti-PEBP 1 antibody.
With the former, bands of approximately the correct size
(23 kDa) were detected for both PEBP 1 and PEBP 2
samples (Fig. 6A, 6B). However, with the anti-PEBP 1 anti-
body, only a band for PEBP 1 was detected, despite the
loading of an excess (up to 20-fold more) of PEBP 2 per
lane compared with PEBP 1 (Fig. 6C); thus, there was no
cross-reactivity. The anti-PEBP 1 antibody also detected a
single band of ,23 kDa (Fig. 6D) in both mouse and
human sperm lysates.

Figure 4 PCR detection of pebp 1 transcripts in brain, testis and epidi-
dymis. Ethidium bromide staining was used to visualize the complete
(A) pebp 1–His PCR product and (B) pebp 1 þ His PCR product
from oligo d(T)20-primed brain cDNA (lane 1), random hexamer-
primed brain cDNA (lane 2), oligo d(T)20-primed testis cDNA (lane
3), random hexamer-primed testis cDNA (lane 4), oligo d(T)20-primed
epididymis cDNA (lane 5) and random hexamer-primed epididymis
cDNA (lane 6), run on a 1.2% agarose gel. Base pair standards are
indicated on the left of both gels.

Figure 5 Biological activity of recombinant PEBP 1 and PEBP 2. (A) Mouse sperm suspensions were incubated for 25 min, centrifuged to remove
endogenous DF, then incubated for 10 min in medium with DF plus different nanomolar concentrations of PEBP 1: spun (DF-depleted control),
crude DF and DF þ 0.7, 2, 7 and 20 nmol/l PEBP 1. Cells were stained with CTC, fixed and assessed for any differences in the distribution of flu-
orescence patterns. Data are presented as % cells (means ^ S.E.; n ¼ 3) expressing the F pattern (open bars), the B pattern (hatched bars) and the
AR pattern (cross-hatched bars) of CTC fluorescence. ***P , 0.01 compared with control suspensions and !!!P , 0.01 compared with crude DF-
treated suspensions. (B) Mouse sperm suspensions were incubated for 25 min, centrifuged to remove endogenous DF, then incubated for 10 min
in medium with DF plus different nanomolar concentrations of PEBP 2: spun (DF-depleted control), crude DF and DF þ 20, 66, 200, and
600 nmol/l PEBP 2. Cells were stained with CTC, fixed and assessed. Data are presented as % cells (means ^ S.E.; n ¼ 3) expressing the three
different CTC patterns detailed above. ***P , 0.01 compared with control suspensions.
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Immunocytochemical localization of DF-R on mouse
and human spermatozoa

In uncapacitated mouse spermatozoa, very strong fluor-
escence was seen consistently on the acrosomal cap
region in the head, with less intense fluorescence in the
post-acrosomal region; fluorescence was observed along
the whole of the flagellum but there were random regional
variations in intensity from one cell to another. This fluor-
escence was abolished when antiserum was preincubated
with the blocking peptide (data not shown). When cells
were DF-depleted by centrifugation, fluorescence in the
acrosomal cap region was still strong but somewhat
reduced from the signal observed in uncapacitated sper-
matozoa; in contrast, fluorescence in the post-acrosomal
region and along the whole of the flagellum was notice-
ably stronger than in uncapacitated spermatozoa. The
re-addition of crude DF to these preparations resulted in
the same fluorescence patterns observed in uncapacitated
cells, indicating the reversibility of capacitation.
Those same patterns were seen in naturally capacitated
suspensions treated in the same way. Treatment of all

suspensions with PI-PLC prior to immunocytochemistry
almost completely abolished fluorescent staining. Figure 7
shows typical fluorescence patterns for uncapacitated and
capacitated mouse spermatozoa, ^DF and ^PI-PLC treat-
ment. At least three to four replicates were carried out for
each condition. In each treatment category evaluated,
$80% of cells had the pattern of fluorescence shown in
Fig. 7.

In uncapacitated human spermatozoa, strong fluor-
escence was seen in the acrosomal region, with somewhat
lesser fluorescence in the post-acrosomal region and there
was noticeable fluorescence along the whole of the flagel-
lum, although most cells had a region with reduced
signal. As with mouse spermatozoa, the position of this
reduced intensity varied from cell to cell. In capacitated
cells, the staining in the acrosomal region was still clearly
visible, but the signal was weaker and appeared to be
more punctuate than that seen in uncapacitated cells; flu-
orescence in the post-acrosomal region was similar to that
seen in uncapacitated spermatozoa. Variably intense fluor-
escent staining was seen along the flagellum and,
again, the position of reduced intensity varied among

Figure 6 Specificity of polyclonal antibody to PEBP 1
determined using Western blotting. (A) These silver-
stained gels show the purified recombinant PEBP 1 and
PEBP 2 proteins. (B) Using a mouse anti-His tag anti-
body, both recombinant PEBP 1 þ His (lane 1) and
recombinant PEBP 2 þ His (lane 2) were detected
(,23 kDa, arrow). (C) Using the polyclonal anti-PEBP
1 antibody, recombinant PEBP 1 þ His (lane 1) was
detected (,23 kDa, arrow), but recombinant PEBP
2 þ His (lane 2) was not. (D) Using the polyclonal
anti-PEBP 1 antibody, a single protein of ,23 kDa
(arrow) was detected in lysates of both cauda epididy-
mal mouse spermatozoa and ejaculated human
spermatozoa.

Figure 7 Immunolocalization of DF-R/PEBP 1 on mouse spermatozoa. Uncapacitated, experimentally capacitated (DF-depleted by centrifu-
gation) and naturally capacitated suspensions were evaluated without treatment as well as following the addition of crude DF or treatment with
PI-PLC to remove GPI-anchored proteins; since uncapacitated spermatozoa already have DF, the photograph in the Plus DF column simply
shows a different uncapacitated cell. The intensity of fluorescence was capacitation state-dependent, with uncapacitated cells showing brightest
fluorescence in the acrosomal cap region and lesser fluorescence in the post-acrosomal region and along the flagellum. In contrast, capacitated
cells had noticeably brighter fluorescence in both the post-acrosomal region and the flagellum, while the signal in the acrosomal cap, although
still quite strong, was less bright. The addition of crude DF to capacitated suspensions caused the staining pattern to revert to the relative intensi-
ties seen in uncapacitated cells. PI-PLC treatment prior to immunostaining resulted in almost no fluorescence. The bar represents 10mm.
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spermatozoa. Treatment of both uncapacitated and
capacitated suspensions with PI-PLC prior to immunocyto-
chemistry resulted in non-fluorescent cells. Figure 8 shows
typical fluorescence patterns for uncapacitated and
capacitated human spermatozoa, ^PI-PLC treatment.
Again, three to four replicates were carried out for each
condition; as with mouse spermatozoa, in each treatment
category evaluated, $80% of cells had the pattern of flu-
orescence shown Fig. 8.

Discussion

Mouse spermatozoa have been shown to have a DF-R on
the sperm surface that can be removed by treating cells
with PI-PLC, suggesting that its attachment to the plasma
membrane may involve a GPI anchor (Fraser 1998).
Although DF is lost during capacitation, the addition of
DF to capacitated cells, with consequent binding of DF
to DF-R, returns them to the uncapacitated state. Thus the
DF-R plays a pivotal role in the regulation of sperm func-
tion. In the present study, the sequence of DF-R, purified
from mature mouse spermatozoa and shown to be biologi-
cally active, has very high homology with the sequence
for PEBP 1. The peptide fragments from purified DF-R,
representing ,76% of the whole PEBP 1 sequence, have
100% homology when aligned with the published PEBP 1
sequence. We therefore propose that DF-R is PEBP 1.

It is now known that PEBP 1 belongs to a family of pro-
teins, with PEBP 2 having been identified in 2002 (Hickox
et al. 2002); the degree of homology between PEBP 1 and
2 is 79.7%, based on the amino acid sequence. To con-
firm that DF-R is PEBP 1 rather than PEBP 2, we cloned
the genes for both and obtained recombinant proteins,
each with a His tag to facilitate purification. The purified
recombinant PEBP 1 protein was biologically active at
concentrations down to ,1 nmol/l: when mixed with
crude DF before addition to capacitated spermatozoa, it
was able to remove decapacitating activity from the DF in
solution. This presumably reflects the complexing of

PEBP 1 with the DF, leaving little or no free DF to bind to
endogenous DF-R present on the test cells. In contrast,
purified PEBP 2, at concentrations up to 600 nmol/l, had
no detectable biological activity (Fig. 5B), supporting our
conclusion that DF-R is PEBP 1, not PEBP 2. Given the
considerable sequence similarity between these two pro-
teins, it is perhaps surprising that PEBP 2 had no activity.
One possibility could be that the presence of the His tag
somehow interfered with the normal folding of PEBP 2,
rendering it unable to interact with DF. However, the
recombinant PEBP 1, with a His tag, had potent biological
activity, as did the original sperm-derived sample used for
sequencing. Using an antibody specific for PEBP 2 (unable
to recognize PEBP 1 in Western blotting), Hickox et al.
(2002) found PEBP 2 protein to be located in both
the head and the flagellum of caput epididymal mouse
spermatozoa, a distribution similar to that found for
DF-R/PEBP 1 (see below). The inability of recombinant
PEBP 2 to neutralize DF may indicate that it is a soluble
cytosolic protein rather than an external protein like
DF-R/PEBP 1 and hence may have structural differences
that make it unable to function as DF-R.

In the present study, a polyclonal antibody directed
against a peptide sequence at the COOH terminus of
PEBP 1 was used both for Western blotting and immuno-
localization. The antibody was specific, being able to
recognize recombinant PEBP 1 but not recombinant PEBP
2; furthermore, it also recognized a protein of the correct
size in mouse and human sperm lysates (Fig. 6). Immuno-
cytochemical results revealed, first, that DF-R is located
on both the acrosomal and post-acrosomal regions of the
head and along the whole of the flagellum in both mouse
and human spermatozoa and, secondly, that the intensity
of fluorescent signal observed is capacitation state-
dependent. In uncapacitated cells, there was strong fluor-
escence in the acrosomal region, with weaker signals in
the post-acrosomal and flagellar regions. In capacitated
spermatozoa, however, the fluorescence in the acrosomal
region, although still bright, was less than that seen in
uncapacitated cells while the signals in the post-acroso-
mal and flagellar regions were generally stronger than in
uncapacitated cells. However, when both naturally
capacitated and DF-depleted mouse spermatozoa were
evaluated before and after addition of crude DF, cells in
both treatment groups initially had bright fluorescence in
the acrosomal cap, post-acrosomal and flagellar regions
but the addition of DF caused the fluorescence pattern to
change to that seen in uncapacitated cells. Because the
patterns of fluorescence are reversible, the differences
probably reflect changes in epitope accessibility, due to
changes in the conformation of DF-R, rather than loss or
gain of protein. We would expect these alterations to have
functional consequences, given earlier evidence that
addition of DF to capacitated sperm suspensions rapidly
causes highly fertile cells to become poorly fertile (Fraser
1984, Fraser et al. 1990). Treatment of both uncapacitated
and capacitated mouse and human spermatozoa with

Figure 8 Immunolocalization of DF-R/PEBP 1 on human spermato-
zoa. Uncapacitated and capacitated human sperm suspensions were
evaluated with or without treatment with PI-PLC. Fluorescence was
observed in both the head and the flagellum and the signal intensity
was capacitation state-dependent, as with mouse spermatozoa. Stain-
ing in the acrosomal region was very bright in uncapacitated cells
but less so and more obviously punctuate in uncapacitated cells.
Fluorescence was observed in the post-acrosomal region and along
the flagellum in both uncapacitated and capacitated cells, with fewer
differences in staining intensity than seen in mouse spermatozoa.
PI-PLC treatment prior to immunostaining resulted in almost no
fluorescence. The bar represents 5mm.
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PI-PLC to cleave GPI anchors prior to staining resulted in
cells with essentially no fluorescent signal, thus supporting
earlier evidence that DF-R is located on the external
sperm surface (Fraser 1998).

It is intriguing that many different studies on mammalian
tissues have reported finding proteins that appear to be
PEBPs and yet these proteins differ in important character-
istics, especially their cellular location. The original paper
on the purification of PEBP from bovine brain described it
as a basic 23 kDa cytosolic protein (Bernier & Jolles 1984),
but it appears to have homology with a number of other
proteins, including several identified in various regions of
the male reproductive tract. These include the mouse anti-
gen MEP-9, a protein found in elongated spermatids in the
testis and in the principal cells of the epididymal epi-
thelium (Vierula et al. 1992), and B109, a protein isolated
from the rat epididymis (Pryor et al. 1994). However, other
investigations have reported that PEBP is secreted from iso-
lated round and elongating rat spermatids (Saunders et al.
1995), is secreted into the epididymal luminal fluid (Araki
et al. 1992) and is associated with the surface of mature
rodent spermatozoa (e.g. rat: Jones & Hall 1991). In
somatic cells and systems, PEBP has been found in cere-
brospinal fluid (Ojika et al. 2000) and it is secreted by Rat-
1 fibroblasts, as well as being present on the surface of
those cells (Hengst et al. 2001). These latter observations
are both puzzling and noteworthy because there is no
obvious secretion signal in the protein’s sequence. Some of
these discrepancies may be due to the existence of mul-
tiple PEBP forms, the presence of which only became clear
in 2002 when PEBP 2 was reported (Hickox et al. 2002).
However, our evidence that DF-R/PEBP 1 is located on the
sperm surface suggests that similar forms may also be pre-
sent in somatic cells, thus perhaps explaining some of the
inconsistencies found in the literature.

Although DF-R/PEBP 1 is released from the sperm sur-
face by PI-PLC treatment, it may not have a GPI anchor
itself. Typical GPI-anchored proteins are synthesized as
precursors with cleavable hydrophobic regions at both the
amino- and carboxy-terminal regions, the latter directing
GPI anchoring (Mayor & Riezman 2004). The sequence
for DF-R isolated from mature spermatozoa lacked the
amino terminal region, which could reflect NH2-terminal
blockage but might also result from the cleavage just men-
tioned. However, the sequence was complete at the
carboxy-terminal end, suggesting that no cleavage had
occurred there. Current evidence indicates that these clea-
vable regions found in GPI-anchored proteins do not have
conserved sequences (Yang et al. 2004), so there is noth-
ing with which the PEBP 1 sequence can be compared.
Thus it would appear that DF-R/PEBP 1 lacks the typical
structure characteristic of GPI-anchored proteins. How-
ever, as mentioned above, the protein also lacks a classic
secretion signal and yet has been shown to be secreted by
both somatic and germ cells. Our results therefore suggest
that DF-R/PEBP 1 works in a novel way that has yet to be
defined. If DF-R itself is not GPI anchored, then it is likely

to be closely associated with a GPI-linked protein. It is
interesting to note that ,80% of GPI-anchored proteins
can exist in multiple forms, e.g. soluble as well as
anchored externally (Yang et al. 2004).

The present investigation which led us to PEBP 1 started
with DF-R, a protein of unknown sequence for which we
had a function, an apparent location in the post-acroso-
mal region and a means of attachment to a specific cell
type. Although the current literature contains many specu-
lations about possible functions of the PEBPs, the starting
point of all those studies was the identification of either
an mRNA or a protein of unknown function for which
some role was then sought. The suggested functions for
PEBP 1 include remodelling of the sperm surface (Saun-
ders et al. 1995), a Raf kinase inhibitor (Yeung et al.
1999), a serine protease inhibitor (Hengst et al. 2001) and
mediators of MAP-kinase-mediated phosphorylation
(Hickox et al. 2002).

Of the potential roles ascribed to PEBP 1, remodelling of
the cell surface most closely fits the current information
about DF-R. Although earlier studies found a link between
DF $ DF-R and Ca2þ-ATPase activity (Adeoya-Osiguwa &
Fraser 1996), our more recent work indicates that binding
of DF to spermatozoa has more wide-ranging effects, con-
sistent with the presence of DF-R in the acrosomal cap and
flagellar regions, in addition to the post-acrosomal region
where Ca2þ-ATPase is primarily located (Adeoya-Osiguwa
& Fraser 1996). The capacitation state-dependent altera-
tions in the immunofluorescent signal for DF-R in both
mouse and human spermatozoa (Figs 7 and 8) suggest that
the conformation of DF-R itself changes with the presen-
ce/absence of DF. Consistent with that hypothesis, we have
shown that the binding of DF to DF-R causes confor-
mational changes in adenosine receptors (G protein
coupled receptors; GCPRs) such that inactive stimulatory
A2A receptors are re-activated and active inhibitory A1

receptors are inactivated within a few minutes of DF
addition to capacitated sperm suspensions (Fraser &
Adeoya-Osiguwa 1999, Adeoya-Osiguwa & Fraser 2002).

In the last two decades it has become clear that lipids
in membranes are not distributed randomly, but are often
grouped into distinct domains, commonly referred to as
lipid rafts, and many proteins located in rafts have been
shown to mediate signal transduction. Recent studies have
demonstrated dynamic reorganization of marker proteins
for sperm surface lipid rafts during capacitation in vitro
(Cross 2004, van Gestel et al. 2005). Given that GPI-
anchored proteins are frequently associated with these
cholesterol- and sphingolipid-enriched microdomains (Lai
2003), it is plausible that DF $ DF-R could be involved in
raft dynamics, causing changes in the lipid architecture of
the plasma membrane and so altering the functionality of
several membrane-associated proteins, including GPCRs
and Ca2þ-ATPase. A2A and A1 adenosine receptors and
calcitonin receptors, like DF-R, are all located in the acro-
somal cap region of the sperm head and along the flagel-
lum and undergo capacitation state-dependent changes in
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function (Fraser et al. 2003). We therefore propose that
DF-R/PEBP 1 plays a fundamental role in capacitation by
causing alterations in the sperm plasma membrane in
both the head and the flagellum.

The new and novel information about DF-R obtained in
this study has raised several important issues. For example,
where in the male reproductive tract is the protein pro-
duced? Although pebp 1 gene expression and protein
have been detected in testicular germ cells (Vierula et al.
1992, Saunders et al. 1995), protein has also been
detected in principal cells of the epididymal epithelium
(Vierula et al. 1992). Using PCR we have identified the
presence of mRNA for PEBP 1 in epididymal preparations
(Fig. 4) but do not yet know whether the source of the
mRNA is epididymal cells or spermatozoa present within
the lumen of the samples used. Another key step will be
purification and sequencing of DF, followed by cloning of
the gene and production of specific antibodies. Then it
should be possible to address a number of important ques-
tions that have been raised during our studies to date;
these include the following. How is DF lost or activated
during capacitation? What is the effect of DF $ DF-R on
lipid architecture? Is DF-R located in lipid rafts?

Although the existence of DFs has been acknowledged
for several decades, this is the first study to provide both
solid information about the molecular nature of a pivotal
protein involved in capacitation/decapacitation and a
plausible mechanism of action, namely alterations in
membrane lipid architecture that can modify activity of
membrane-associated proteins and so affect sperm func-
tion. In addition, this work has exciting potential appli-
cations both to fertility treatments, since DF retention
would result in non-fertilizing spermatozoa, and to
development of new contraceptive approaches, given
that molecular modification of either DF or DF-R could
render spermatozoa irreversibly non-fertilizing.
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